The ctenophore (comb jelly) Mnemiopsis leidyi is a periodically abundant and voracious predator in U.S. coastal waters.
Introduction
The lobate ctenophore (comb jelly) Mnemiopsis leidyi A. Agassiz is a voracious and environmentally important predator of all kinds of zooplankton. lt can control zooplankton abundance and, consequently, phytoplankton abundance (Burell and van Engel 1976; Kremcr 1979;  Physiological Zoology 70(1): 1-6. 1997 . © 1997 by The University of Chicago. All rights rescrved. 0031-935X/97/7001-95135$02.00 Deason and Smayda 1982) . Moreover, M. leidyi feeds on fish eggs and larvae and can thus diminish fish populations as both a predator and a food competitor (Arai 1988; Monteleone and Duguay 1988; Govoni and Olney 1991; Houde et al. 1994; Purcell et al. 1994) . Mnemiopsis leidyi is an especially competitive predator at high levels of zooplankton abundance because its ingestion rate increases in proportion with food concentration even up to very abundant food levels , whereas in most other plankton predators, ingestion rates level off at a certain food concentration (Reeve 1980) . Both nitrogen metabolism and respiration are rather low but within the range of many other marine invertebrates (Kremer 1982; Schneider 1990 Schneider , 1992 and cannot therefore be related to the outstanding feeding capabilities of M. leidyi.
Instead, extracellular digestion appears to be the basis for the capability to process large amounts of plankton food. Mnemiopsis leidyi digests plankton food faster than chaetognaths or scyphomedusae and, in contrast to scyphomedusae, can digest bivalve veligers (Reeve 1980; Purcell et al. 1991) . However, ctenophores have digestive enzyme activities comparable to those of other lower invertebrates (Fankboner and Reid 1978; Hoeger and Mommsen 1984) , and it is not yet evident how the efficient extracellular digestion is achieved. In this report, we investigate the physiology of digestion of M. leidyi to obtain a better understanding of the functional basis for its feeding capabilities.
Material and Methods
Mnemiopsis leidyi was collected from the shore at Woods Hole, Massachusetts, with plastic jars, transferred to filtered (0.2 µm) seawater (SW), and kept in 8-L buckets at 19° :±: 2°C.
In order to study digestion, individuals were pinned down with needles to the bottom of a 1-L glass bowl containing a layer of Sylgar at the bottom. Artemia (brine shrimp) nauplii were used as prey. Nauplii were pipetted beneath the lobes of M. leidyi, and ingestion, digestion, and egestion were followed with a dissecting scope. The position of the prey in M. leidyi was determined to the nearest 0.1 mm for 10 individuals with a calibrated scale in the ocular. To obtain data for high ingestion frequencies, each M. leidyi was fed an Artemia nauplius every 3 min. The number of nauplii in different parts of the pharynx was recorded (five replicates). To trace the digestion of a specific prey at this high ingestion frequency, single stained nauplii (0.02% Evans Blue for 24 h) were occasionally fed among unstained nauplii (four replicates each for three M. leidyi).
For mass feeding, M. leidyi was placed in a beaker with 800 mL filtered SW containing 20 Artemia mL-1 • After 10 min of feeding, M. leidyi was transferred to filtered SW and observed with a dissecting scope (five replicates).
To observe pH changes during digestion, Artemia nauplii were stained (Jennings 1974) for 48 h with 0.02% solutions (in filtered SW) of the pH indicators phenol red (pK 7.9; Conn 1961), bromo thymol blue (pK 7.0), or bromo cresol purple (pK 6.3) and washed for 2 h with several changes of fresh, filtered SW prior to feeding to M. leidyi. The dyes accumulated in the gut of Artemia as observed previously (Croghan 1958) .
In nauplii stained with phenol red, this region appeared bright red as in previous studies (Croghan 1958) , which indicates a pH of 7.9 or higher in the gut of Artemia. No independent measurements of the gut pH in Artemia exist (Blust et al. 1988 ), but we estimate that it is slightly more alkaline than the pH of gut contents of other crustaceans, which is in the range 4. 7 -7.6 (Vonk 1960; Dall and Moriarty 1983) . Artemia nauplii are continuously pumping SW through their gut ( Croghan 1958; Wolvekamp and Waterman 1960) ; hence, their pH might more closely reflect the pH of SW (8.2). After ingestion of dyed Artemia by M. leidyi (five replicates per indicator), the color of the dye indicated the pH during digestion. However, the changes in pH may be retarded in the gut of the prey compared with its body surface, and the pH changes might also be smaller because of the presence of buffering groups of the prey. Therefore, the pH indicators were used only to obtain a qualitative estimate of pH changes during digestion.
Results
All ctenophores have a similar gastrovascular system ( Chun 1880; Mayer 1912; Main 1928; Schulze-Roebbecke 1984) . A mouth opens into a flattened and elongated pharynx, or stomodeum ( Fig. 1 ). In the aboral third of the pharynx, there are so-called pharyngeal folds ("Magenwülste"; Chun 1880), which are barely visible U-shaped lines. At the end of the pharynx a small esophagus leads into the stomach, or funnel. From the stomach, canals branch off and run through most of the body beneath the comb rows, along the pharynx, to the tentacles and the aboral pole. The aboral canals open to the exterior through anal pores.
In Mnemiopsis leidyi, captured prey was transported through the mouth into the pharynx (Fig. 1) , where extracellular digestion occurred mainly as observed previously (Main 1928; Schulze-Roebbecke 1984; Hernandez-Nicaise 1991) . Recordings of the time-dependent position of the prey revealed three separate phases in the pharynx for all 10 M. leidyi tested (Fig. 2) . First (phase 1), prey was transported into the center of the pharynx with a velocity of 1-2 mm min-1 to an area close to the pharyngeal folds, where it rested for 15-25 min (median, 20 min). During this phase, Artemia became inactive (after a median time of 10 min). Second (phase 2), nearly intact prey was then transported to the area enclosed by the pharyngeal folds, where it remained for 3-12 min (median, 7 min). Finally (phase 3 ), the prey was transported to the esophagus, where it was disrupted by strong ciliary countercurrents and compound cilia with specialized heads apparently adapted for mechanical destruction of food fragments (S. Tamm, personal communication). These compound cilia (ec in Fig. 1) occur in high density near the esophagus. Particles smaller than 30 µm entered the stomach and were distributed in the canal system, where endocytosis and intracellular digestion occurred as observed previously (Komai 1922) . Freshly collected M. leidyi sometimes expelled debris accumulating in the canal system through the anal pores at the end of the aboral canals, as has been observed earlier (Main 1928 ). This could be the remains of intracellular digestion. In contrast, bulky indigestible food fragments (mainly the exoskeleton of the prey) did not enter the stomach or the canal system but were retained by the esophagus, transported along the edges of the pharynx with a velocity of 2-5 mm min-1 , and finally expelled through the mouth (Main 1928) .
Single Artemia nauplii stained with pH indicators were used to qualitatively follow the pH during digestion. From a pH higher than 7.9 in Artemia in SW, the pH dropped below 6.3 within 20 min (median of five replicates) of ingestion, in good agreement with the acidic pH previously measured for the pharyngeal juice of the ctenophore Pleurobrachia bachei (Fankboner and Reid 1978) . After entering the area enclosed by the pharyngeal folds, the pH rase within 5 min to values above 7.9, where it remained throughout phase 2 and phase 3.
These various phases also occurred when M. leidyi was fed with Artemia nauplii at a frequency of 20 h-1 • After about 1 h of feeding, steady state conditions for digestion times and abundance of prey in the different phases were reached. At these steady state conditions, the duration of phase 1 was significantly greater than with feeding with a single nauplius (median, 43 min; Mann-Whitney U-test, U= 0, P< 0.05; Siegel 1956), while the duration of phase 2 was not significantly different (median, 12 min). At steady state conditions, 14-18 nauplii were in phase 1, while zero to three nauplii were in phases 2 and 3. The durations for phase 1 and 2 and the relative abundance of prey in these phases indicate that phase 1 is the ratelimiting step of extracellular digestion. In all five individuals observed, the central part of the pharynx formed pockets extruding on both sides of the pharynx (Fig. lB) . The path for ingestion in the center of the pharynx and the path for egestion of indigestible food fragments along the edges of the pharynx were separated by the area in between, where the epithelium of both sides of the pharynx was in close contact (Fig. lB) . In two of five M. leidyi observed, undigested nauplii from phases 1 or 2 were occasionally transported along the edges of the pharynx toward the mouth and expelled (Fig. lA) , as has previously been observed ; Kremer and Reeve 1989) . The main force for the transport along the pharynx
Figure 1. Gastrovascular system of the ctenophore Mnemiopsis leidyi. A, Ingested prey during the three phases of extracellular digestion (phase 1, close to the pharyngeal folds; phase 2, in the pharyngeal folds; phase 3, in the esophagus) and small food fragments generated by the extracellular digestion in the canal system. The dashed arrows indicate the paths for ingestion and egestion, and the dotted lines indicate shortcuts used during superfluous feeding; a, anal pores; c, canal system; e, esophagus; ec, area close to the esophagus with a high density of cilia; f, pharyngeal folds; m, mouth; p, pharynx; and s, stomach. B, Cross section of the pharynx in the area of phase 1. The central part of the pharynx forms two pockets on both sides of the pharynx where food is digested. Indigestible food fragments are transported along the edges of the pharynx toward the mouth. The pharyngeal epithelium of both sides of the pharynx in the intermediate region is in close contact and thereby seals off the paths for ingestion and egestion. seemed to be provided by motile cilia. Pharynx contractions were observed in all five individuals studied but apparently had little influence on food transport.
On mass feeding, M. leidyi ingested 50-100 Artemia nauplii in 10 min. Most of the nauplii stayed active and were finally transported along the edges of the pharynx toward the mouth (Fig. lA) and expelled alive after a median time of 65 min. Up to this point no pH changes could be detected. After expulsion, the remaining few nauplii (two to eight) were normally processed.
Discussion
Ctenophores are lower invertebrates at a diploblastic level of organization (Hyman 1940) . Recent molecular evidence suggests that ctenophores were the first metazoans to diverge after the sponges (Kobayashi et al. 1993; Wainwright et al. 1993) . Despite the low level of organization and the early divergence of the phylum, the ctenophore Mnemiopsis leidyi has an elaborate flow-through system for digestion with three consecutive extracellular phases compared with only one extracellular phase in 2mm cnidarians and flatworms (Gardiner 1972; Jennings 1974; Sebens 1987) . This elaborate extracellular digestion appears tobe the functional basis for the unusually fast and efficient feeding.
The spatial separation of the three phases of extracellular digestion is made possible by the elongated shape of the pharynx typical of ctenophores (Chun 1880). Extracellular digestion that includes both acidic and alkaline phases, as observed for M. leidyi, is common for higher metazoans but exceptional for lower invertebrates (Gardiner 1972; Jennings 1974; Sebens 1987) . Fankboner and Reid (1978) measured a pH of 5.3 for the pharyngeal juice of the ctenophore Pleurobrachia bachei.
Since they combined the fluid from all regions of the pharynx, they did not notice the heterogeneity observed in our study. Differing pH values result in different conformations of protonable biopolymers and therefore expose more potential cleavage sites for an attack by digestive enzymes. Hydrolytic enzymes with either acidic or alkaline pH optima have been found in ctenophores (Fankboner and Reid 1978; Hoeger and Mommsen 1984) and are likely to function in sequence during phases 1-3. A chitinase with an acidic optimum has been observed in emde extracts of Pleurobrachia pileus (Hoeger and Mommsen 1984) , which suggests that the chitinous exoskeleton of its predominantly crustacean prey (Greve 1981) is attacked during the acidic phase 1. Such a digestion of the exoskeleton in phase 1 would expose interior parts of the prey for the action of other digestive enzymes early in digestion, thereby enhancing their efficiency.
Under conditions of excess of food, M. leidyi expelled most of the undigested food, thereby decreasing its assimilation efficiency . A conflict between ingestion and egestion is not the reason for this expulsion, since the food is expelled long before any of it has been processed for egestion. The presence of too many pHbuffering groups on the prey could prevent acidification. Most of the food might be expelled to restrict the amount of food to manageable quantities. Under natural conditions, prey abundance rarely reaches the level at which superfluous feeding by M. leidyi occurs . Pores in the gastrovascular system of M. leidyi lead to the exterior environment, as in many animals with a "blind-ending gut" (Hyman 1940; Gardiner 1972; Werner 1984; Arai and Chan 1989; Schlichter 1991) . True flow-through systems have occasionallybeen evolved in corals (Schlichter 1991) , but most ctenophores, cnidarians, and platyhelminthes use their mouths as the main excretion site despite the frequent occurrence of pores and the obvious advantages of a flow-through system (Gardiner 1972) . In M. leidyi, the anal pores function to excrete intracellularly digested residues (Main 1928) , but large indigestible food fragments are expelled through the mouth. The reason for this could be related to the narrow canals extending through the whole body that function to distribute the small food fragments generated by extracellular digestion. These narrow canals might easily be clogged by !arge food fragments. lt is possible that, for this reason, !arge food fragments do not enter the canal system but are retained by the esophagus, which functions as a filter. Therefore, the only path for the expulsion of !arge indigestible food fragments is through the mouth. Similar conflicts between excretion and circulation in narrow canals have been proposed as the reason for the differential use of the mouth and various pores in the hydromedusa Aequora victoria (Arai and Chan 1989) .
Using the mouth as a major excretion site could cause conflicts between ingestion and egestion .
Except for a small crossing area, however, M. leidyi has spatially separate paths for ingestion and egestion so that both processes can take place simultaneously. Separate paths for ingestion and egestion have also been observed in scypho-and cubomedusae (Larson 1976) . In M. leidyi, the separation is achieved in the flattened pharynx. In most regions of the pharynx, the epithelia contact each other and thereby seal off the different paths in the center and along the edges. Hence, the shape of the pharynx provides the morphological basis for a flow-through system for the extracellular digestion, although the mouth is used both for ingestion and egestion. The pharynx is widest in the area where phase 1 occurs, thus allowing for separated paths even when many food items accumulate during phase 1. This is important since phase 1 is the rate-limiting step of extracellular digestion. The paths for ingestion and egestion can also be shortcut in case of superfluous feeding. Sea anemones have a flattened pharynx that similarly provides spatially separate paths for in-and outgoing water currents (Hyman 1940 ).
In conclusion, the shape of the pharynx in M. leidyi provides the morphological basis for a flow-through system with various regions for different treatments of the food. This allows for an efficient, fast, and simultaneous digestion of many prey items. The morphology of the gastrovascular system is very similar among all ctenophores (Chun 1880; Harbison 1985) . Therefore, it is possible that other ctenophore species of great ecological importance (Greve 1981 ) have a digestive physiology similar to that of M. leidyi.
